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THE CLAIMS: Q^^C^>^ Vju\oXR/^S^ 

Please amend the claims as follows: <; #g ?&£-g53T \^<c^^f/\% 

otL^\ ^ (Original) A viral transcriptional reporter vector comprising: 

a vector backbone derived from a virus of the family Retroviridae : 
^ppjc a conditional nrnmnter and a first reporter cassette under control of the 

^ conditional promoter, wherein said transcriptional reporter vector is packaged in viral 

particles . |_^j^^531kK— X&kQ^ \ Anasiar^D 

|(?2,W ft§ (Original) The viral transcriptional r eporter vecto r of claim 1, wherein the virus is 
^TVooO aleritiyims. 

joW^ (v3/ (Original) The viral transcriptional reporter vector of claim 1 , further comprising a 
constitutive promoter and a ^second reporter cassette under the control of the 
constitutive promoter, wherein said first and second reporter cassettes generate 
distinguishable effects in biological assays. 

MX**** 

(Original) The viral transcriptional reporter vector of claim 3, wherein the reporter 
^ cassettes generate fluorescent signals , c olorimetric signals, or combinations thereof. 



(Original) The viral transcriptional reporter vector of claim 4, wherein the second 
reporter cassette is a n RFP cassette . 

(Original) The viral transcriptional reporter vector of claim 5, wherein the first 
reporter cassette comprises a coding region selected from the group consisting of beta- 
galactosidase coding regions o r GFP codin g regions. 

^ (Currently Amended) The viral transcriptional reporter vector of claim [[1]] 3, 
wherein the first and second reporter cassettes comprise coding regions for two 
different fluorescent proteins. ^ 1* * a, 

U^-T^OISZ^ 0«jCZQ(L ™^ Page 2 
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£§j (Original) The viral transcriptional reporter vector of claim 7, wherein the two 
different fluorescent proteins are ftFP *nrj ppp 

l^p, | (r g, <Q (Original) The viral transcriptional reporter vector of claim 1, wherein the 
retrovirus-derived backbone is FIV-based. 

i *@ (Original) The viral transcriptional reporter vector of claim 1, wherein the 

ret rovirus-de rived backbone is derived from HIV, visan-maed i, c aprine arthriti s- 

< lA^f enceph alitis vir us, EIAV, BIV, or SIV. *~ 
. ft*** s - ^ 

(Q. (Currently Amended) The viral transcriptional reporter vector of claim [[1]] 3, 
wherein the constitutive ^Msmoter is selected from t te group consis ting of a histone H4 
promot er, a minimal immediately early promoter o |cytomegalovirusj a pgk promoter , an 
EF-1 alfa promote r, and a u biquitin promot er. 



\*i-\&n) ^ (Original) The viral transcriptional reporter vector of claim 1, further comprising 
^Mfr^^ sequences from the 5' and 3' LTRs of a retrovirus. 

lov | (Original) The viral transcriptional reporter vector of claim 1 , further comprising a 

y, 0 central polvpurine tract of a retroviral polymerase gene. 

3^-£&K£—=2 — ^ - 

(Original) A viral transcriptional reporter vector comprising: 
a lentivirus-derived vector backbone; and 

a conditional promoter comprising one or more pathway-specific response 
elements and a first reporter cassette under the control of the c onditional promo ter. <l\Ct^ 

^B) (Original) The viral transcriptional reporter vector of claim T4, wherein the one or 
more pathway-specific response elements comprise q (p53 binding sequence ^ 

(Original) The viral transcriptional reporter vector of claim 15, wherein the one or 
'fV^ more pathway-specific response elements comprise p53 binding sequences from p21 . 
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^ (Original) The viral transcriptional reporter vector of claim 14, wherein the 
conditional promoter further comprises a minimal immediate early promoter of 
cytomegalovirus. 



(2> (Original) The viral transcriptional reporter vector of claim 14, further comprising 
sffrS^ a constitutive promoter and a second ran nrter caaggfle under the control of the 
constitutive promoter. 



(Original) The viral transcriptional reporter vector of claim 18, wherein the 
reporter cassettes produce colorimetric signals, fl uorescent signals , luminescent signals 
or combinations thereof in cell-based assays. 

(Original) The viral transcriptional reporter vector of claim 18, wherein the first 
and second reporter cassettes comprise coding regions for two different fluorescent 
proteins. ^ — - ^ 



^ (Original) The viral transcriptional reporter vector of claim 14, wherein the 
' lentivirus-derived backbone is FIV-bP e ^ 



}tr (2^r (Currently Amended) The viral transcriptional reporter vector of claim 14, 

wherein the lentivirus backbone is derived from at least one of HIV, v isan-maed i, 
^^\jr- caprine arth ritis-Rnnephalitis virus EIAV, BIV, and SIV. 



^2$y (Original) The viral transcriptional reporter vector of claim 14, further comprising 
sequences from the 5' and 3' LTRs of a lentivirus . 

^4^ (Original) The viral transcriptional reporter vector of claim 14, further comprising 
a central polypurine tract of a lentiviral polymerase gene. 
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25. (Withdrawn) A reporter cell generated by transduction of a cell with the 
packaged viral transcriptional reporter vector of claim t . 

26. (Withdrawn) The reporter cell of claim 25, wherein the viral reporter vector is 
stably integrated into the reporter cell's genome. 

27. (Withdrawn) The reporter cell of claim 25, wherein the viral transcriptional 
reporter vector further comprises a constitutive promoter and a second reporter cassette 
under the control of the constitutive promoter. 

28-33. (Canceled) 
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LacZ-H4-puro, has been developed. This reporter vector was originally designed to 
screen for chemical compounds that might activate a p53-dependent pathway using 
iTbeta-galactosiaase as a reporf&r. The lentiviral bacrajone-eMig^L- 
p53RE-LacZ-H4-puro vector was derived from a self-inactivating lentiviral vector 
pLV-GFP (Pfeifer, et al. t PNAS . 99: 2140 (2002)). The pL-p53RE-LacZ-H4-puro 
vector was engineered to provide high viral titer and to inactivate the promoter in the 
5' LTR following integration into the host genome. Se jf -inactivating vectors provide 
mcjre-coiiiiiiilunl und lliipiuve3~expression due to reduced promoter interference, 
and self-inactivating lentiviral vectors are safer to work with because they are less 
likely to form replication-competent retrovirus. 





[0092] In order to construct the/ pL-p53RE-LacZ-H4-puro vector/ a synthetic 
multiple cloning site (MCS) was insertedlnlu a babiu lunliviwUbackfaone and the 
following elements were cloned into the MCS: a 20 bp high-affinity consensus p53 
binding sequence, a 43 bp "fragment A" from the ribosome gene cluster contai ning 
'several p53-binding sites, six copies of a p53-binding site from a human gene fortfij 
CDK inhibitor p21WAF1/Cip1 (Deiry, et all, Cell, 75:815 (1993)), the minimal 
immediate early promoter of cytomegalovirus (mCMV), a bacterial LacZ gene 
seta-galactosidase, and a puromycin-resistance gene under control of 
constitutive promoter of histone H4. The Xbal-Spel sites were used for directional 
cloning of various novel pathway-specific response elements. In addition, the Xhol 
and BamHI sites were used, for example on one embodiment, for the cloning of a 
destabilized GFP reporter gene. A dsRed reporter gene could replace the puro 
gene using Nhel-Acc65l sites in the same or yet another embodiment. 

[0093] In order to test the performance of this reporter vector in gene silencing 
experiments, the pL-p53RE-LacZ-H4-puro construct was packaged in pseudoviral 
particles by cotransfection with a pCMV-delta8.2 plasmid and the pVSV-G plasmid, 
which express the VSV-G envelope protein in the 293T packaging cell line. After 48 
hours, the virus-containing supernatants were collected and used for infection of 
HeLa cells. A stable p53 transcriptional reporter cell line was generated after 
selection of puromicine-resistant HeLa cells. 
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without a stem-loop structure. As a result of in vivo transcription, the resulting 
siRNA has a double-stranded structure without additional non-mRNA sequences, 
with the exception of the initiation nucleotide (G) and a (U)2-3 overhang at the 3* 
ends. 

[0082] The double-stranded siRNA constructs were found to provide similar 
silencing efficiency similar to hairpin-type siRNA constructs designed for the same 
27-bp p53 sequence and tested in the luciferase assay as described above. 
Replacement of the wild-type promoter sequences with a termination signal just 
upstream of the transcriptional start site was found not to change activity of the 
promoters. The dual promoter construct has been found to be more stable than the 
stem-loop construct during the propogation in E. coli and mammalian cells. 

[0083] In another embodiment, the / 8tRNA^Iibrafy*vector was^seH^iT^hbiQlogically 
safe FIV viral vector developed at UCSD ( US Patent 6,555,107 B2). Onepfcason 
for the selection of a non-primate VlV Uaoud veului Uysleiri and development of FIV- 
based products is due to safety. The pFIV vectors have a structure very similar to 
pL-based vectors just described. Specific blocks of the FIV genome were used to 
replace the corresponding HIV elements in the pLSLP vectors. 

[0084] The resulting pFIV siRNA cloning vectors have several important features. 
First, the FIV siRNA vector contains a hybrid RSV/FIV promoter in the 5'-LTR with 
Mentiviral R and U5 sequences for efficient control of vector packaging and 
integration. Also, the FIV siRNA vector contains a deletion in the enhancer of the 
U3 region of 3-LTR to provide a self-inactivating property to the reporter vector. In 
addition, the pFIV siRNA cloning vector contains the region of the FIV genome 
required for efficient packaging: 1) a central purine pyrimidine tract (cPPT) derived 
from the FIV genome that is important for improved nuclear translocation in non- 
dividing cells (which increases the efficiency of gene transfer); 2) internal expression 
cassettes controlling fluorescent reporter protein or drug resistance gene flanked by 
unique restriction sites; and 3) unique restriction sites providing a modular structure 
(facilitating interchangeable replacement of reporter genes, drug resistance genes, 
transcription factor response elements and minimal promoters). 
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ABI provide about 10,000 500-5000-mer cDNAs or 4,000 - 35,000 45-80-mer 
oligonucleotides printed by ink-jet printer or by pins onto glass slides, which are also 
analyzed by fluorescence, radioactivity or chemiluminescense. Essentially, 
microarrays can be made by photolithography, spotting oligonucleotides synthesized 
by standard phosphoramidite chemistry, photochemistry, electrochemistry, or the 
like. Analysis techniques include fluorescence, mass spectrometry, 
chemiluminescense or radioisotopic methods. 



Example 1. Development of lentiviral vectors for cloning effector libraries. 

[0076] In order to develop an efficient siRNA library transduction vector; a pL- 
reporter lentiviral backbone was used in which the puromycin-resistance gene is 
controlled by H4 promoter (see Fig. 3). A small polylinker containing Clal, BamHI 
and EcoRI restriction nuclease sites was introduced into the U3 region of the 3' LTR. 
The polylinker can be used to clone single promoter (H1) siRNA expression cassette 
or double promoter (U6/H1) siRNA expression cassette. 

[0077] In one embodiment, a single promoter H1 siRNA expression cassette was 
assembled from chemically synthesized oligonucleotides and cloned into the Clal- 
BamHI sites to direct transcription of small hairpin RNAs, which are processed into 
functional siRNA by cellular enzymes. TjhS-i esult i ng single pro m oter cxpye ssion^ 
ragsfittP pi si p rnn<striir.t i wag wry similar in design to other retroviral vectors that 
have been used successfully for cloning and expression of siRNA (see, e.g., Qin, 
X.F., et al. PNAS, 100:183-88 (2003); Tiscorna, G., et al., PNAS, 100:1844-48 
(2003); and Xia, H., et al. Nature Biotech, 20:1006-10 (2002)). 

[0078] Two exemplary effector constructs have been made and cloned into the 
pLSLP-H1 siRNA vector (see Fig. 9). The constructs in Figure 9 differ in the length 
of the siRNA inserts. In one case, the siRNA component is 19 bp in length, in the 
other case, the siRNA is 27 bp in length. The duplex at the top of the Figure shows 
the sequence of the lentiviral vector after digestion with BamHI and EcoRL The 
dotted lines indicate the position of the removed nucleotides (a stuffer sequence 
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Lentivirus-delivered stable gene silencing by RNAi in 
primary cells 
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ABSTRACT 

Genome-wide genetic approaches have proven useful for examining pathways of biological significance in model organisms 
such as Saccharomycts cerevisiae, Drosophila melanogastor, and Caenorhabditis elegans, but similar techniques have proven 
difficult to apply to mammalian systems. Although manipulation of the murine genome has led to identification of genes and 
their function, this approach is laborious, expensive, and often leads to lethal phenotypes. RNA interference (RNAi) is an 
evolutionarily conserved process of gene silencing that has become a powerful tool for investigating gene function by reverse 
genetics. Here we describe the delivery of cassettes expressing hairpin RNA targeting green fluorescent protein (CFP) using 
Moloney leukemia virus-based and lentrvirus-based retroviral vectors. Both transformed cell lines and primary dendritic cells, 
normally refractory to transfectton-based gene transfer, demonstrated stable silencing of targeted genes, including the tumor 
suppressor gene TP53 in normal human fibroblasts. This report demonstrates that both Moloney leukemia virus and lentivirus 
vector-mediated expression of RNAi can achieve effective, stable gene silencing in diverse biological systems and will assist in 
elucidating gene functions in numerous cell types including primary cells. 

Keywords: Retrovirus; hairpin RNA; siRNA; knockdown; dendritic cells 



INTRODUCTION 

Genetic analysis through targeted gene deletion in mam- 
mals has been limited principally to murine models. The 
discovery that the RNA interference (RNAi) pathway is ac- 
tive in mammals (Elbashir et al. 2001) raised the possibility 
that reverse genetic approaches using RNAi could be ap- 
plied to mammalian systems. Like targeted gene deletion, 
RNAi-based silencing permits analysis of gene function in 
primary cells (McCaffrey et al. 2002; Novina et al. 2002). 
Compared to knockout genetics, RNAi-based silencing is 



These authors contributed equally to this work. 

Reprint requests to: Sheila A. Stewart, Whitehead Institute for Biomedi- 
cal Research. 9 Cambridge Center. Cambridge, MA 02142, USA; e-mail: 
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02139. USA; e-mail: cdnovina@miLcdu. 

Article . and publication are at http^/www jnajoumal.org/cgi/doi/ 
10.1261/rna.2192803. 



rapid, cost effective, and can be easily adapted to study 
homologous gene function in a wide variety of organisms. 

RNAi depends upon the formation of double-strand 
RNA (dsRNA) whose antisense strand is complementary to 
the transcript of a targeted gene. Two distinct steps are 
involved (for review see Hutvagner and Zamore 2002; Mc- 
Manus and Sharp 2002). In the first, the enzyme Dicer 
cleaves long dsRNA into short interfering RNA (siRNA) 
molecules of 21-23 bp in length. In the second, a multi- 
component RNA-induced silencing complex (RISC) uses 
siRNA to guide the sequence-specific cleavage of the RNA 
transcripts of the target gene. Gene silencing by this mecha- 
nism has been achieved by transfection of chemically syn- 
thesized siRNA into host cells, by-passing the "dicing" step, 
to silence ("knockdown") gene expression (McManus and 
Sharp 2002). 

Several recentfy developed (Brummelkamp et al. 2002a; 
McCaffrey et al. 2002; McManus et al. 2002; Paddison et al. 
2002; Paul et al. 2002; Sui et al. 2002; Xia 2002; Yu et al. 



RNA (2003). 9:495-501. Published by Cold Spring Harbor Laboratory Press. Copyright © 2003 RNA Society. 493 

^est available copy 
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2002) vector-based strategies that contain stern-loop con- 
structs encoding hairpin RNAs lead to the intracellular gen- 
eration of siRNA-like species. Dicer cleavage of hairpin 
RNA can generate small dsRNA that silence expression of 
genes whose transcripts are complementary to one of the 
two strands of the hairpin RNA (for review, see Paddison 
and Hannon 2002). However, most vector-based hairpin 
expression systems have demonstrated only transient 
knockdown of gene expression. More recently, knockdown 
of gene expression has been achieved us- 
ing retroviral vector constructs that ex- 
press hairpin RNAs within vector-in- 
fected cells and produce long-term 
knockdown within cultured cell lines 
(Barton et aL 2002; Brummelkamp et aL 
2002b; Devroe and Silver 2002; Paddi- 
son and Hannon 2002). 

To facilitate stable, long-term knock- 
down in populations of cells refractory 
to transfection -based gene transfer tech- 
niques, we designed a retroviral vector 
that permits delivery of stem-loop cas- 
settes. We report the "development of a 
versatile system of retro virus-based vec- 
tors that make it possible to achieve du- 
rable, high efficiency siRNA-dependent 
gene silencing in a wide variety of cells. 



RESULTS 



tion terminates. Because stable gene silencing is affected by 
rctrovirus-delivered hairpin RNA, the vector system re- 
ported here is called Retrohair. Assuming that four uridines 
are incorporated into the transcript from the five thymidine 
pol-IH transcription termination signal, Retrohair encodes 
a 52-nt hairpin RNA (Fig. IB). 

To ensure rapid reductions in protein levels In response 
to decreases in raRNA levels, we used an enhanced GFP 
protein with the PEST domain at the carboxy-terminus, 
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Stable gene silencing in 
HeLa-GFP cells 

Several studies have demonstrated that 
the cellular machinery required for 
RNAi exists in mammalian cells. To 
study gene function in primary mam- 
malian cells in vitro using RNAi-based 
gene silencing technology, we designed a 
vector system (Fig. 1A) in which the 
RNA polymerase III (pol-III) promoter 
of the U6 small nuclear RNA gene (U6) 
was used to drive high levels of expres- 
sion of a small hairpin RNA. An in- 
verted repeat sequence (a stem-loop, si) 
with stem sequences complementary to 
the mRNA specifying green fluorescent 
protein (GFP) was cloned 3' of the U6 
promoter and a five thymidine repeat 
sequence was added to serve as a strong 
pol-III termination signal (Gunnery et 
aL 1999), which results principally in 
hairpin RNA species containing four 
uridines. However, it is unclear from 
our analysis at which uridine transcrip- 
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FIGURE 1. Sequence-specific knockdown of GFP expression by retrovinu-ddivtred GFP 
hairpin RNA expression. (A) Schematic presentation of Retro hair-slGFP, a replication incom- 
petent retrovirus that contains a pol-III promoter (U6). a stem-loop cassette followed by a 5T 
pol-III termination signal, cloned 3' to a truncated gag lacking a translation start sequence 
(ATG). Retrohair can be selected by addition of puromycin. (B) The stem-loop encoded 
hairpin RNA has sequence identity to a 21-nt region of GFP mRNA. (Q FACs analysis of GFP 
expression in HeLa-GFP infected with (1 and 3) empty vector controls, (2) Retrohair-slGFPl, 
(4) Retrohair-slGFP2, or (5) Retrohair-slGFP2mut Overlay histograms in panels 2, 4 t and 5 
demonstrate the level of knockdown in cells infected with Retro hair-containing stem-loop 
cassettes (red) compared to cells infected with empty vector controls (green). (D) Northern 
blot analysis of GFP expression in HeLa-GFP cells described in C using a GFP-specific probe.' 
Northern Wot with a 0-actin probe served as a loading control. 
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resulting in a fusion protein with a half-life of approxi- 
mately 1 h. We developed a HeLa cell line that stably ex- 
presses this fusion protein (Hela-GFP) to provide a sensi- 
tive, rapidly responding reporter system to examine gene 
silencing and its kinetics. 

To examine the efficiency of retrovirus-delivered RNAi- 
based knockdown, HeLa-GFP were infected with virus ex- 
pressing either wild-type or point mutant hairpin RNA se- 
quences directed against GFP (Fig. 1C). Fluorescence-acti- 
vated cell sorting (FACS) analysis of GFP expression in 
HeLa-GFP cells infected with wild-type Retrohair-slGFPl 
demonstrated a 10-fold reduction in mean fluorescence in- 
tensity (MF1: 691 -> 76) relative to empty vector controls 
(containing the U6 promoter but lacking slGFPl; Fig- 1C). 
In contrast, a construct containing a point mutation in the 
stem sequence (Retrohair-slGFP2mut) resulted in a twofold 
reduction in gene expression (MFI: 620 349). Northern 
blot analysis demonstrated decreased GFP mRNA levels 
only in the samples infected with wild-type viruses but not 
in mutant or empty vector controls (Fig. ID). Taken to- 
gether, these data indicate that the hairpin RNA-based 
knockdown was specific and that silencing correlated with 
decreased GFP mRNA levels. Direct comparison demon- 



strated that Retrohair-slGFPl was more efficient at silenc- 
ing than Retrohair-slGFP2 (MFI = 76 vs. 158). Therefore, 
we used the Retrohair-slGFPl vector for subsequent studies. 

To determine the stability of the retrovirus-delivered 
RNAi, we infected HeLa-GFP with the empty vector control 
or with Retrohair-slGFPl. After infection, cells were se- 
lected by the addition of puromycin and GFP expression 
was analyzed (Fig. 2). GFP expression was not reduced in 
cells infected with the empty vector control, but was mark- 
edly decreased in cells infected with Retrohair-slGFPl (Fig. 
2 A). Following Retrohair-slGFPl infection, the population 
exhibited a bimodal distribution and the overall MFI was 
342 compared to the average MFI of the control population 
(859). Following 2 wk of selection, the population became 
more homogenous and the MFI decreased further to 89. 
Similar results were obtained after selection of cells infected 
with virus containing Retrohair-slGFP2 (data not shown). 

To determine whether continuous selective pressure was 
necessary to maintain gene knockdown, puromycin was re- 
moved from the cells 2 wk after selection had been initiated. 
Analysis of GFP expression demonstrated that the MFIs 
were identical to.the cells that were continuously selected 
(Fig. 2A), indicating that constant selective pressure was not 
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required to maintain hairpin RNA expression and silencing 
of GFP expression for 4 wk. Northern blot analysis of these 
cells revealed that loss of GFP expression correlated with 
loss of GFP mRNA (Fig. 2B). Although constant selective 
pressure may not be needed to maintain silencing of genes 
with a neutral or growth-promoting phenotype, it is pos- 
sible that continuous selective pressure may be required for 
stable silencing of genes whose loss have a negative effect on 
cell growth or are essential for cell survival 

RNAi is mediated by short, 21-23-bp dsRNA. Processing 
of the GFP1 hairpin RNA into GFP1 siRNA was demon- 
strated by the presence of multiple small RNA products in 
modified Northern blot analysis (Fig. 2C). The major RNA 
cleavage product comigra ted with a 20-nt species and minor 
products comigrated with 21-, 22-, and 23-nt species. In 
this analysis, 11.5 fig total RNA corresponding to approxi- 
mately 7.6 x 10 3 cell equivalents was used (Fig. 2C). If den- 
sitometry signals from each cleavage product are added, 
approximately 8 fmoles of GFP siRNA were present in cells 
following 2 wk of selection. As a conservative estimate of 
silencing (assuming that the approximately 85% of the 
HeLa-GFP that were.actively silencing GFP expression were 
responsible for hairpin RNA expression), an estimated 
8.6 x 10" 21 moles siRNA per cell or approximately 5 x 10 3 
molecules of siRNA derived from hairpin RNA precursors 
were associated with each of the actively silencing HeLa- 
GFP. It is not known which of the cleavage product(s) is the 
active species. 

We noted that a small percentage of the HeLa-GFP re- 
mained GFP-positive following several weeks of selection. 
Superinfection of these cells with Retrohair-slGFP2 resulted 
in further reduction of GFP expression in already actively 
silencing HeLa-GFP previously infected with Retrohair- 
slGFPl (Fig. 2D). These results suggest that cells containing 
high levels of GFP are not inherently resistant to RNAi and 
that some GFP-positive cells were infected (because they 
were puromycin resistant) but expressed insufficient siRNA 
for GFP silencing. Taken together, these studies indicate 
that (1) infection of HeLa-GFP with Retrohair-slGFPI re- 
duced GFP gene expression, (2) selection enriched for 
HeLa-GFP with higher expression levels of the hairpin 
RNA, and (3) continuous expression of the GFP hairpin 
RNAs and maintenance of the knockdown phenotype did 
not require continuous selective pressure. 



Gene silencing in primary dendritic cells 

To extend these studies to primary mammalian cells that 
are refractory to gene transfer (Esslinger et al 2002), we 
turned to dendritic cells (DC). DC aire the most potent 
antigen-presenting cells (APC) known. Capable of activat- 
ing naive B and T cells, they play an important role in 
initiating host immune responses (Steinman and Pope 
2002). DC also play a critical role in maintenance of toler- 



ance (Steinman and Nussenzweig 2002). Thus, DC are un- 
der intensive study for their potential therapeutic uses. To 
determine if these cells are susceptible to retrovirus -deliv- 
ered siRNA-directed gene silencing, we examined bone 
marrow-derived (BM) DC from a GFP transgenic mouse 
infected ex vivo with Retrohair-slGFPI vector or an empty 
vector. GFP fluorescence microscopy indicated that GFP 
expression was lower in cells infected with the slGFPl -con- 
taining vector than in cells infected with the empty vector 
control (Fig. 3 A). Consistent with this observation, 33% of 
DC-GFP infected with Retrohair-slGFPI were observed in 
the GFP-negative gate compared to 11% of DC-GFP in- 
fected with the empty vector control (Fig. 3B, panels 1 and 
2). The DC-GFP population demonstrates a wide range of 
GFP expression. Furthermore, the MFI of the entire popu- 
lation of Retrohair-slGFPl-infected DC-GFP was about 
80% lower than that of the control vector-infected DC-GFP 
population (Fig. 3B, panel 3). The overall reduction in MFI 
suggested that the majority of DC-GFP had been infected by 
the Retrohair-slGFPI virus. It may well be that the cells with 
the greatest reduction in fluorescence contained the highest 
level of hairpin RNA expression. High levels of hairpin RNA 
expression may be due to the favorable sites of proviral 
integration and/or to the number of proviral . integration 
sites per cell. 

Primary cells have been shown to possess the machinery 
to silence gene expression using siRNA .(McCaffrey et aL 
2002; Novina et al. 2002). Our data show that the hairpin is 
processed indicating that primary cells contain the RNAi 
machinery required to generate siRNA from the hairpin 
RNA (Fig. 3C)\ Similar to the HeLa-GFP experiment, sev- 
eral small processed RNA species with relative mobility of 
oligonucleotides 20-23 bp in length were observed in DC- 
GFP by modified Northern blot analysis (Fig. 3C). In this 
experiment, 1.65 ug total RNA derived from 2 x 10 6 in- 
fected DC was analyzed. Densitometry signals from each of 
the Retrohair-slGFPI cleavage products were added and 
amounted to 5 fmoles of GFP-siRNA. As a conservative 
estimate of silencing (assuming that 33% of the DC actively 
silencing GFP expression were responsible for hairpin RNA 
expression), an estimated 7.5 x 10* 21 moles siRNA per cell 
or approximately 4.5 x 10 3 molecules of siRNA were de- 
rived from hairpin RNA precursors in each actively silenc- 
ing DC. This value is in agreement with the estimated num- 
ber of siRNA molecules in GFP-silencing HeLa-GFP (see 
above). 



Lentiviral delivery of stable gene silencing 

Moloney-based vector systems permit gene transduction of 
proliferating cells but are incapable of productively infect- 
ing nondividing cells, limiting its usefulness in primary cells 
both in vitro and in vivo. Therefore, we constructed a len- 
tiviral vector containing the U6 driven stem-loop directed 



496 RNA, Vol. 9, No. 4 



BEST AVAILABLE COPY 



LentMral KNAi-direcled gene silencing 



Empty 



sIGFPI 









O 











B 



Empty 



sIGFPI 



p<Q0tP1 




100 



60- 



10« 10* 10* 10» 10* 100 101 102 103 io« 

,J ; GFP— *" " Empty sIGFPI 



11 

i 




23 
22 
21 
20 



1 >* *~ 
p UL 
liJ <2 

sIGFPI retrovirus. A bar graph depicts the percent decrease in GFP « "^^^^^^S probeUeU «r»U 

was used as size marker and for quantitation by densitometry of small RNAs. 



10 



against GFP. Because stable gene silencing is affected by 
lentivirus-deiivered hairpin RNA, the vector system is called 
Lentihair (Fig. 4A). HeU-GFP were infected with Lentihair- 
slGFPl and GFP expression was analyzed by FACS 3 d later 
(Fig- 4B). GFP expression was reduced more than 10-fold 
relative to nonspecific stem-loop lentiviral control infec- 
tions. , 

Primary DC-GFP were also infected with Lentihatr- 
slGFPl and resulted in a greater knockdown of GFP than 



was observed with Retrohair-slGFPl, 50% knockdown ver- 
sus 33% (Fig. 4C). GFP expression in DC-GFP was reduced 
(MFI: 1174-+87) in cells infected with Lentihair-slGFPl 
compared to uninfected controls. We also noted that there 
was a modest knockdown of GFP expression (>3-fold) in 
DC-GFP infected with a lentivirus that targeted luciferase 
(Untihair-slLuc), suggesting that there is some nonspecific 
knockdown in these cells. Interestingly, the lentivirus-deiiv- 
ered RNAi was more efficient in both HeLa-GFP and DC- 
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FIGURE 4. Knockdown of GFP expression by lentivirus-deUvered RNAL (A) Schematic pre- 
sentation of the lentivirai construct Lentihair is a replication incompetent, self-inactivating 
retrovirus generated by cloning the U6 promoter and stem-loop cassette targeted to luciferase 
(Lentihair-slLUC) or GFP (Lentihair-slGFP I) 5' of the cPPT. A puromycin resistance gene was 
cloned 3' of the human hPGK promoter. (B) FACS analysis of GFP expression in HeLa-GFP 
cells (J) uninfected or infected with (2) Retrohair, (3) Retro hair-sl GFP 1, (4) Lentihair-slLUC 
or (5) Lentihair-slGFP. (Q FACS analysis of GFP expression in (/) uninfected, (2) Lentihair- 
slLUC or (3) Lentihair-slGFP infeaed DC-GFP. 



GFP compared to Moloney leukemia virus-delivered RNAL 
The Moloney-based vector contains a transcriptionally ac- 
tive LTR whereas the lentivirus is transcriptionally inactive 
due to mutations in the U3 region of the LTR. Therefore, 
differences between Moloney- and lentivirus-delivered gene 
silencing may be due to different vector configurations. 

DISCUSSION 

Utilizing several biological systems, we demonstrate retro* 
viral delivery and intracellular processing of hairpin RNA in 
a variety of cell types, including primary mammalian cells. 
We have extended the analysis of retrovinis-delivcred stable 
gene silencing to normal human cells, and the vector system 
reported was used to silence medically relevant genes such 
as p53 (data can be accessed at www2.dfcLharvard.edu/ 
hahnlab). This data demonstrates that a complete knockout 



is not required to produce a biological 
phenomenon. By understanding and us- 
ing retro virus-delivered knockdown in 
primary cells, the function of human 
genes in biological and disease processes 
may be determined. 

Although retroviral delivery of hair- 
pin RNA has been shown to result in the 
knockdown of targeted proteins in hu- 
man primary fibroblasts (Barton and 
Medzhitov 2002), we- have demon- 
strated hairpin RNA processing into 
siRNA in bone marrow-derived primary 
DC. The level of RNA hairpin expres- 
sion and its processing into siRNAs in a 
target cell will likely determine the ex- 
tent of gene knockdown. It is possible 
that different cell types vary in their 
ability to process long dsRNA and hair- 
pin RNA into smaller cleavage products. 
We found that HeLa-GFP and DC-GFP 
contained similar levels of processed 
RNAs. The slightly higher levels of small 
RNAs found in HeLa-GFP may be due 
to higher levels of hairpin RNA process- 
ing or, alternatively, to the amount of 
hairpin RNA expressed from the inte- 
grated provtrus(es). In the latter in- 
stance, superinfection of cells already in- 
fected with a virus encoding one stem- 
loop with another virus having either 
the same sequence or a sequence di- 
rected against a different region of the 
same gene may yield greater knockdown 
of that gene. Indeed, we observed that 
superinfection of HeLa-GFP resulted in 
greater knockdown, suggesting that 
gene expression can be further silenced 
by retroviral vectors targeting different sequences in the 
same mRNA. 

DC are critical for initiating primary immune responses 
(Stark et al. 1998; Jung et al. 2002). To initiate a primary 
immune response, the DC undergo a series of maturation 
steps ultimately producing a fully differentiated immuno- 
competent cell poised to function as an activated APC. Ef- 
forts to genetically manipulate these cells (without activat- 
ing them) by conventional transection methods have 
proven ineffectual (Gasperi et al. 1999; Esslinger et aL 
2002). Adeno- vectors arc efficient gene transducers (Song et 
aL 1997; Klein et aL 2000) but they activate immune re- 
sponses (Marshall 1999). Moreover, preexisting immunity 
to adenoviral vectors (Yang et al. 1994) potentially limits 
their use in vivo. Previous studies have indicated that len- 
tivirai infection of DC does not activate these cells 
(Esslinger et al. 2002) raising the possibility that stable gene 
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silencing by retroviral vector delivery may be able to modu- 
late host immune responses. Lentihair-slGFPl infection of 
HeLa-GFP and DC-GFP indicates that this vector configu- 
ration is highly effective in gene silencing. 

The principal advantage of the lentiviral system is that it 
will allow gene silencing in nondividing cells and will there- 
fore expand the usefulness of the RNAi-based gene silencing 
system. It is interesting to note that we observed some non- 
specific knockdown in DC-GFP when we used Lentihair- 
slLUC, an effect not observed in HeLa-GFP. The nonspe- 
cific knockdown in DC-GFP maybe due to activation of the 
interferon pathway in these cells. Recognition of dsRNA by 
DC result in their maturation and the DC-GFP may have 
demonstrated some degree of maturation following lentm- 
rus infection (Le Bon and Tough 2002). Preliminary data 
suggest that limiting lentiviral infection of DC to one in- 
fection rather than two results in fewer cells exhibiting 
knockdown (32% vs. 50%). In addition, nonspecific knock- 
down with the Untihair-slLUC was reduced to twofold 
Therefore, changing the kinetics or dose of infection may 
limit the nonspecific knockdown. Our data indicate that the 
system for retrovirus delivery of RNAi-based gene silencing 
can be adapted to use in lentiviral systems, thereby opening 
opportunities to analyze gene function in diverse cells, di- 
viding or not, under physiological conditions. 

RNAi provides plants with effective antiviral defenses (for 
review, see Waterhouse et al. 2001). A natural role for mam- 
malian RNAi in antiviral defenses has not been shown. It is 
possible that RNAi-like antiviral defenses may assist the 
host immune response against viral infection, including the 
retroviral vector used to deliver the stem-loop-containing 
cassette. However, our data indicate that productive infec- 
tion can occur and that the retroviral RNA can be produced 
and packaged, and is unlikely to be targeted for degradation 
by an RNAi-like mechanism . despite the presence of 
complementary sequences in the provirus. Thus, our system 
demonstrates a proof of principle that retroviral delivery of 
RNAi can be used for the elucidation of gene function in a 
wide variety of cell types, including differentiated, nondi- 
viding cells. 

MATERIALS AND METHODS 
Vector design 

The U6 promoter (a gift from Nouria Hernandez, Cold Spring 
Harbor Laboratoy, Cold Spring Harbor, New York) was cloned 
into pBABEpuro (pBp) with the addition of an Apal site at the 
transcription start site (Morgenstern and Land 1990). The pBpU6 
was digested with Apal, blunted, and digested with EaM. The 
following oUgomers were used: GFP1 forward 5'P-GGCTACGTC 
CAGGAGCGCACCCTCGAGGGTGCGCTCCTGGACGTAGCCT 
TTTTG-3' and GFP1 reverse 5' P-AATTCAAAAAGGCTACGTC 
* CAGGGCGACCCTCG AGGG T G C GCTCC T GG ACGGAGCC-3 ' 
and GFP2 forward 5 ' P-CGCAAGCTG ACCCTGAGTTCATTCAA 



G AGATGAACnTCAGGGTCAGCTTGCrnTrG-3 J^ r 9^£ 
back 5' P-AATTCAAAAAGCAAGCTGACCCTGAAGTTCATCr 
CTTGAATGAACTTCAGGGTCAGCrTGCGGGCC-3 . In the 
process of screening GFP2 dones, one contained a jpoint mutauon 
(mutation is underscored: S'-CGCAAGCTGA CCCTGAA CTT: 
XATTCAAGAGATGAACTTCAGGGTCAGCTTGC 1 1 1 1 iG-3 }. 

The Lentihair-slLUC lentiviral construct contains the U6 pro- 
moter and a stem-loop directed against the ludferase gene (LUG 
Paddison et aL 2002) or GFP cloned 5' of the central polypunne 
tract (cPPT) from pRRL-cPPT-hPGKEsin (Dull et aL 1998). A 
cPPT was inserted 5' of the human phosphogjycerate kinase pro- 
moter in the P RRL-hPGKsin vector. The puromydn-resistant gene 
was cloned 3' of the human phosphogjycerate kinase (hPGK) pro- 
moter. 

Cell culture 

HeLa cells, grown in Dulbecco Modified Eagle medium (DME) 
plus 10% heat-inactivated fetal calf serum (FCS) contahing pern- 
dllin and streptomycin (pen/strep), were tramfected with 
pdlEGFP-Nl (dontech), selected with 500 ug/mL G418, and 
single-cell doned. 

Isolation, culture, and infection of BM-DC 
Isolation, culture, and infection of BM-DC has been described 
(Inaba et al. 1992). Bone marrow was flushed from the femur and 
tibia of C57BU6-EGFP mice (Dr. Okabe, Osaka Umversity; Okabe 
et al 1997), red blood cells were tysed, and the remaining ceUs 
were plated in RPMI1640 (plus 10% FCS, 2 mM L-glutanune, 10 
mM HEPES, 50 uM 2-mercaptoethanol and pen/strep) at 1 x 1<T 
cells/mUweU. The medium was supplemented (1:25) with culture 
supernatant from J5 cells expressing GM-CSF. 



Viral production and infections 



The pBp-amphotrophic viruses were produced by cotransfecuon 
of 293T cells with the pBp constructs and pCLlOAl. The pBp- 
VSV-G viruses were produced by cotransfecting pBp constructs, 
pUMVC3, and pCMV-VSV-G (at a 9:1 ratio). Lentihair-slLUC 
and Lentihair-slGFPl were produced by cotransfecuon with 
pHCMVG (Burns et aL 1993) and pCMVAWUOvpr (An et al 
1999) Transfections were carried out using Fugene 6 (Roche). 
Virus was harvested at 48 and 72 h posttransfection and infections 
were carried out in the presence of 10 ug/mL of polybrene and 10 
mM HEPES. Following transduction, cells were selected with 1 
ug/mL puromycin. DC were spin infected on days 1 and 2 it UK 
for 1.5 h. Virus-containing supernatant was removed after 2 n. 

Flow cytometry and microscopy 

Flow cytometry was carried out using FACScalibur and Cellquest 
software. For imaging, DC were mounted onto microscope sudes 
and images were collected on an Axioplan 2 microscope (Zeiss) 
using Axiovision Viewer 3 software (Zeiss). 

Northern blot 

Total RNA was prepared using the RNeasy mini kit Northern Wot 
was performed using the Northern Max Northern blotting kit The 
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GFP probe was prepared by PCR amplification of a 497-nt frag- 
ment from pdlEGFP-Nl ( 5 ' -CCT ACGGCAA GCTG ACCCTGA 
AGTTCA-3' [forward] and 5'-GGACTGGGTGCTCAGGTAGTG 
GTTGT-3' [reverse]) that was purified using the Qia quick gel 
extraction kit (Qiagen). The purified GFP fragment and the p-ac- 
tin control (DECA template mouse p-actin control DNA) were 
labeled by random prime labeling using the Decaprime II DNA 
labeling kit (Ambion). 



Modified Northern blot 

Total RNA was prepared by extraction with Trizol (Molecular 
Research Center, Inc) as recommended by the manufacturer. The 
resulting homogenate was centrifuged for 15 min at 20,000; (4°C), 
precipitated, and reextracted as above. The DC went through one 
round of extraction. The precipitated RNA pellets were washed in 
70% ethanol, air-dried, and resuspended in nuclease-free H 2 0. A 
total of 11.5 ug HeLa-GFP total RNA or 1.65 ug DC total RNA 
were run on a 15% sequencing gel, electroblotted to Hybond N 
membrane (Amersham), UV cross-linked and prehybridized over- 
night at 37°C in 5x SSPE, 2x Denhardt's solution, and O.lx SDS 
containing 0.1 mg/mL denatured salmon sperm DNA and 0.1 
mg/mL denatured yeast tRNA. The sense strand (100 pmoles) of 
GFP1 siRNA (5 ' P-GGCUACGUCCAGGAGCGCACC-3 ' ) was end 
labeled with polynucleotide kinase and [v 32 PJ-ATP (150 uCi), 
purified on a G-25 MicroSpin Column (Amersham), heated for 5 
min to 65°C added to the prehybridization buffer, and hybridized 
overnight Blots were washed at room temperature 2x5 min in 2x 
SSC and 0.1% SDS, 3 x 10 min in O.lx SSC and 0.1% SDS and 
exposed to film. 
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Double-stranded RNAs -21 nucleotides long [small interfering 
RNA (siRNA)] are recognized as powerful reagents to reduce the 
expression of specific genes. To use them as reagents to protect 
cells against viral infection, effective methods for introducing 
siRNAs into primary cells are required. Here, we describe success in 
constructing a lentivirus-based vector to Introduce siRNAs against 
the HIV-1 coreceptor, CCR5, into human peripheral blood T lym- 
phocytes. With high-titer vector stocks, >40% of the peripheral 
blood T lymphocytes could be transduced, and the expression of a 
potent CCRS-siRNA resulted in up to 10-fold inhibition of CCR5 
expression on the cell surface over a period of 2 weeks in the 
absence of selection. In contrast, the expression of another major 
HIV-1 coreceptor, CXCR4, was not affected. Importantly, blocking 
CCR5 expression by siRNAs provided a substantial protection for 
the lymphocyte populations from CCR5-tropk HIV-1 virus infection, 
dropping infected cells by 3- to 7-fold; only a minimal effect on 
infection by a CXCR4-tropk virus was observed. Thus, our studies 
demonstrate the feasibility and potential of lent! viral vector- 
mediated delivery of siRNAs as a general means of intracellular 
immunization for the treatment of HIV-1 and other viral diseases. 

Although the idea of protecting cells against HIV-1 infection 
by the internal production of a protective molecule ("in- 
tracellular immunization'*) was suggested 14 years ago (1), it has 
not been realized as a clinical procedure, partly because no 
macro molecule has proved potent enough and because of lim- 
itations in gene delivery vehicles. Recently, it has been appre- 
ciated that small, double-stranded RNAs (siRNA) can be pow- 
erful sequence-specific catalysts for targeted RNA destruction 
by means of an evolutionarily conserved mechanism known as 
RNA interference (RNAi) (2-5). The properties of siRNA 
suggest its potential as an "intracellular immunogen." With the 
discovery that siRNAs can be effectively produced as hairpin 
transcripts from RNA polymerase III (Pol III) promoters (6- 
11), intracellular synthesis of siRNAs has become feasible. The 
best vector for delivering an siRNA template would be a 
lentiviru* vector derived from HTV-1, because such vectors 
stably i nf&ci nondividing cells and are not subject to the silencing 
imposed on other retrovirus vectors (a "turning tne tables" 
approach; rets. 12 and 13j. Furthermore, lentiviral vectors have 
proven to be effective in expressing transgenes wi thin multiple 
lineages over prolonged periods of time and safe fn SCTb-hu and 
non-human phuiate hematopoietic stem celt transplants (14, it>). 
HIV-1 Infection could be pt evented oy either an siRN A directea 
against viral RNA, as has been done in several in vitro models 
(lf^-20), or by targeting the mRNA for the primary HIV-1 
uateccpiofT £CR5. CCR5 suggests itself as a target because 
people who lack ooth genes for CCR5 (CCR5A32 homozygotes) 
are resistant to HIV-1 infection but are otherwise apparently 
normal (21-24). We report here the successful use of this 
approach. 

Materials and Methods 

Vector Construction. A human U6-RNA pol III promoter (-328 to 
+ 1) was amplified from HEK-293 genomic DNA with primers 



5'-gggaattcccccagtggaaagacgcgcag-3' and 5'-cggaagcttgaagaccacg- 
gtgtttcgtcctttccacaa-3', in which a Bbsl. site was introduced at the 3' 
end allowing the insertion of siRNA sequences at the +1 position 
of the U6 transcript, 'irie PCR fragment was cionecf at £cbRI- 
Rindiil sites of pBS-SKII plasmid (Stratagene). Sequencing anal- 
ysis showed all of the individual clones recovered had a GCGCG 
insertion at the —267 position comparing to the published human 
U6-RNA promoter sequence (GenBank accession nos. X07425 and 
M14486). This difference might originate either from a PCR error 
or a natural polymorphism. Nevertheless, transient transfection 
assays showed that this promoter fragment was fully functional 
(X.-F.Q. and D.B., unpublished data). To construct the hairpin 
siRNA expression cassette, two complementary DNA oligos (see 
below) were synthesized^ Jinneafea, and inset tea between Bbsl and 
Xhni sites immediately downstream of the U6 prompter: 5'- acc- 
g(n)18ttcaagaga(n)l»ctttttc-3';3''-(n)18aagttctct(n)18gaaaaagagct- 
5'. The 19-nt sense and reverse complementary targeting sequences 
are highlighted in bold. Note that the sense targeting sequence 
always starts with G at position 1 (thus, the reverse complementary 
sequence ends with Q, as required for the efficient transcription 
initiation from the U6 promoter (75). The siRNA cassette also 
features a TTCAAGAUA "loop situated between the sense and 
reverse complementary targeting sequences and a TTTTT termi- 
nator at the 3' end. The CCR5-siRNA (186) contains the sense 
targeting sequence of gagcatgactgacatctac corresponding to the 
186-204 nucleotide positions of human CCR5 coding sequence 
(GenBank accession no. U57840), whereas the CCRS-siRNA (809) 
has the targeting sequence of gtagctctaacaggttgga to the 809-827 
nucleotide positions. The targeting sequence for lacZ-siRNA is 
gtgaccagcgaatacctgt, which is directed to the 1915-1933 region of 
the bacterial galactosidase gene. 

FG12 lentiviral vector was derived from FUGW (26). The 
extra nucleotides from the ArV/idlll site downstream of the 
Ubiquitin-C promoter (UbiC) promoter to theA/col site In front 
of the initiation codon of GFP were deleted by a Hindlll-Ncol 
adapter ligation. Further, Xbal t EcoRl t and Xhol sites at the 3' 
end of GFP and WRE were eliminated, followed by a polyl inker 
oligonucleotide ligation at the Pad site between the Flap 
element and the UbiC promoter, to generate a set of new 
restriction sites, Xbal-Hpal-Xhol-BstXl-Pacl, that is optimal 
for accommodating the siRNA expression cassette (X.-F.Q. and 
D.B., unpublished data). To construct the siRNA-expressing 
lentiviral vectors, the siRNA expression cassette was subcloned 
into FG12 between the Xbal and Xhol sites. The resulting 
plasmid was confirmed by restriction enzyme digestion and DNA 
sequencing. 



Abbreviations: siRNA. small Interfering RNA' PBU. peripheral blood lymphocytes: FACS. 
fluoresce nce-activated cell sorter; HSA murine heat-stable antigen; UbiC Ubiquitin< 
promoter. 

'X.-F .0. and O.S.A. contributed equally to this work. 
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Lentiviral Vector Production. All vesicular stomatitis virus ( VSV)- 
O pseudotyped lentiviral vector stocks were produced by calcium 
phosphate-mediated transient transfection of HEK-293 T cells. 
Briefly, HEK-293 T cells were cultured in either Iscov's modified 
Eagle's medium or DMEM (GIBCO Invitrogen) containing 
10% FCS (HyClone), 100 units of penicillin, and 100 /ig/ml 
streptomycin. The cells were cotransfected with appropriate 
amounts of vector plasmid, the HIV-1 lentiviraJ packaging 
constructs pRSVREV (27) and pMDLg/pRRE (27), and the 
VSV-G expression plasmid pHCMVG (28). The viruses were 
collected from the culture supernatants on days 2 and 3 post- 
transfection and concentrated 100- to 1,000-fold by ultracentrif- 
ugation (28). The concentrated virus stocks were titered on 
HEK-293 T cells based on GFP expression. Titers for the siRNA 
expression constructs were only slightly reduced compared with 
the parental vector. 

Cell Culture and Lentiviral Vector Transduction. Magi-CCR5 cells 
(29) (AIDS Research and Reference Reagent Program of the 
National Institutes of Health) were maintained in DMEM, 10% 
FCS containing 200 M g of G418 (GIBCO/BRL), 100 ug of 
• hygromycin, and 1 Mg/ml puromycin (Sigma). The stable ex- 
pression of human CD4 and CCR5 on the cell surface was 
confirmed by fluorescence-activated cell sorter (FACS) analysis. 
The cells were transduced with concentrated lentiviral vector 
stocks at a multiplicity of infection (moi) of 10-25 (note that 
Magi-CCR5 cells have a considerable lower transducing effi- 
ciency) in the presence of 8 /ig/ml polybrene (Sigma). The 
transduced cells were harvested 4 days later and stained with 
Cy-Chrome-labeled mouse anti-human CCR5 mAb (2D7, 
PharMingen) or a mouse IgG2a/k isotype control (OX-35, 
PharMingen), according to the manufacturer's instructions. 
Human peripheral blood lymphocytes (PBLs) were isolated 
from leukopacks by Histopaque (Sigma) and cultured in RPMI 
medium 1640/20% FCS with 2.5 M g of phytohemagglutinin 
(PHA) (Murex Biotech, Dartford, UJC)/100 units of penicillin/ 
100 Mg/ml streptomycin for 2 days. After 2 days of PHA 
stimulation, CD8+ cells were depleted by M450 CD8 Dynabeads 
(Dynal, Great Neck, NY) and the residual amount of CD8+ cells 
was <1%, as confirmed by FACS analysis. The CD8+-dep!eted 
PBLs were used for lentiviral vector transduction. Briefly, 4 x 
10 5 cells were incubated with various lentiviral vectors at a moi 
of 5 for 2 h in the presence of 8 Mg/ml polybrene. After the 
incubation, virus supernatants were removed and replaced with 
1.5 ml of fresh RPMI medium 1640/20% FCS containing 20 
units/ml IL-2 (Roche Molecular Biochemicals). GFP, CD4, 
CCR5, and CXCR4 expression was analyzed by FACS at mul- 
tiple time points after transduction. Note that, although a moi of 
5 was used for transduction with different lentivectors, actual 
transduction efficiency appeared to vary from sample to sample, 
depending on the initial titers of the virus preparations. 

HIV-1 Virus Production and Infection. Stocks for the murine heatr 
stable antigen (HSA)-expressing HIV-1 reporter viruses 
NFNSX-r-HSAS (CCR5-tropic; ref. 30) and NL-r-HSAS 
(CXCR4-tropic; ref. 31), were produced by calcium phosphate 
transfection with the infectious proviral plasmid in HEK-293 T 
cells. The virus supernatants were filtered with 0.22-Mm filters 
and stored at -70°C. The p24 value of the virus stocks was 6 966 
ng/ml for NFNSX-r-HSAS and 1,077 ng/ml for Nl^r-HSAS. 
Four days after lentivector or mock transduction, the PBLs (5 x 
10 5 cells) were infected with 100 ul of NFNSX-r-HSAS or 
NL-r-HSAS virus in the presence of 8 Mg/ml polybrene for 2 h. 
After the incubation, the cells were washed and replated with 1.5 
ml of RPMI medium 1640/20% FCS and 20 units/ml IL-2. The 
rate of infection was determined by FACS analysis for HSA 
expression on the cell surface at various times points as indi- 
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Rg. 1. Construction of a lentivirus-based vector for delivering anti-human 
CCR5 siRNAs. (A) Schematic diagram of the sfRNA-expressing lentiviral vector. 
The short hairpin form of siRNA is expressed under the control of a human 
U6-RNA Pol HI promoter (Pol III). The vector also contains a human UbiC 
promoter driving the GFP marker gene for tracking transduced cells. 5' LTR. 
HIV-1 S'LTR; A3' LTR. HIV-1 self-inactivating 3'ITR; f/ap, HIV-1 DNA flap 
element; WRE, woodchuck hepatitis S virus RNA regulatory element. (B) 
Selection of siRNA constructs that can effectively inhibit CCR5 expression in 
Magl-CCR5 cells. Magi-CCR5 cells were transduced with various lentiviral 
vectors. The cells were harvested 4 days after virus transduction and analyzed 
by FACS with anti-human CCR5 or isotype control antibody staining. The 
productively transduced (GFP+) and nontransduced (GFP-) cells were gated 
based on their GFP signals. The CCRS staining is represented by the open curve 
and the isotype control by the shaded curve. Note that some lower GFP- 
expressing cells were included In the GFP- gate and, thus, there appeared to 
be a slight decrease of CCRS staining in this population of the anti-CCR5 
vector-transduced samples. CCR5-siRNA(186). the vector expressing a potent 
anti-CCR5 siRNA; CCRS-siRNA(809). the vector expressing a weaker antf-CCRS 
siRNA; lacZ-siRNA, a nonspecific siRNA vector; FG12, empty vector; Mock, 
mock transduction control. 



cated. p24 levels in the culture supernatants were measured by 
ELISA. 

FACS Analysis. Cells (5 X 10 5 ) were stained with monoclonal 
antibodies to human CCR5 [2D?, allophycocyanin (APC)- 
labeled, BD Biosciences], CXCR4 (CXCR4, APC-Iabeled, BD 
Biosciences), and CD4 [RPAT4, phycoerythrin (PE)-labeled, 
eBioscience], according to the manufacturer's instructions. For 
measuring HIV-1 reporter virus infection, a PE-labeled anti- 
murine HSA mAb (Ml/69, PharMingen) was used. The cells 
were also stained with isotype controls for each of the specific 
antibodies. The stained cells were fixed with 2% formaldehyde 
and acquired on a FACScan or FACSCalibur (Becton Dickin- 
son). The data analysis was performed with CELLQUEST (Becton 
Dickinson) or flowjo (Tree Star, San Carlos, CA) software. 

Results 

The baekbOne of The 9&NA expression vector was derived from 
FUGW, an HI V-l -based lentivirus vector or iginally designed fo r 
germ-line gene transduction (26). The short hairpin form of 
siRNA template was transcribed from a human U6-RNA poly- 
merase III (Pol III) promoter, and the expression cassette was 
inserted in the forward orientation at the junction of the HIV-1 
DNA Flap element (Flap) and UbiC of the vector FG12 (Fig. 
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Fig. 2. Reduction of CCR5 surface expression on human PBLs transduced by 
anti-CCRS lentiviral vector. PHA-stimulated and CD8+ -depleted P8Ls were 
transduced with various lentiviral vectors as described in Fig. 1 . The transduced 
cells were further cultured in lL-2-containing medium for 8 days before FACS 
analysis for CCRS or CXCR4 expression on the cell surface. A representative 
experiment with Donor B is shown. (A) Cells were stained with allophycocya- 
nin (APO-labeled anti-human CCRS mAb (2D7, PhanMingen). The results are 
exhibited as CCRS vs. GFP dotplots with cell populations in the live lymphocyte 
gate (typically >75 %). The quadrant lines were defined by mock-tr ansd uction 
and isotype-control staining, and the percentage numbers are indicated. (0) 
Cells were stained with APC-labeled anti-human CXCR4 mAb (CXCR4, Phar- 
Mingen), and the results are plotted in the same manner as in A. 



IA). This configuration permits high-titer virus production and 
the functional expression of siRNA templates in murine spleno- 
cytes, bone marrow cells) and transgenic animals (X.-F.Q., C. 
Lois, and D.B., unpublished data). The vector also expresses a 
human UbiC-driven GFP gene to provide a marker for tracking 
transduced cells (Fig. I A). To identity an effective siRNA 
targeted to CCRS, we first used Magi-CCR5 cells (29) carrying 
a transfected human CCR5 gene as a target. Mock- transduced 
Magi-CCR5 cells expressed no GFP but had a high level of 
CCR5 expression on the cell surface (Fig. IB). Cells transduced 
by a vector lacking the siRNA cassette (FG12) or a control 
siRNA cassette against lacZ (lacZ-siRNA) contained many 
GFP+ cells (positively transduced cells), but CCR5 expression 
was unaltered in these cells (Fig. IB). However, with an anti- 
CCR5-specific siRNA-expressing vector targeting to the 809- 
827 region of the human CCR5 mRNA coding sequence [CCR5- 
siRNA (809)], the surface expression of CCR5 on the GFP+ 
cells was dropped to 30-40% the level of the controls, judging 



by the mean fluorescence intensity of CCR5 antibody staining 
(Fig. IB). More significantly, the anti-CCR5 siRNA construct 
directed to the 186-204 region [CCR5-siRNA (186)] resulted in 
>90% reduction of CCR5 expression (Fig. IB). In addition to 
CCR5-siRNA (809) and CCR5-siRNA (186), we also tested 
several other constructs targeting to different regions of CCR5 
mRNA; these exhibited variable degrees of effectiveness but 
none >90% inhibition (not shown). A systematic approach 
might in the future identify even more potent siRNA templates, 
but the 90% inhibition provided by the CCR5-siRNA (186) 
vector appeared to be sufficient for bur further studies described 
below. 

To test the efficacy of the vector against HIV-1 infection in 
primary human CD4 + Tcells, PBLs depleted of CD8+ cells were 
isolated, stimulated with phytohemagglutinin (PHA) for 2 days, 
and transduced or mock transduced with various vectors. After 
the transduction, the cells were cultured in the presence of 
human IL-2. IL-2 elicits the synthesis and surface expression of 
CCR5 as well as the other major HIV-1 coreceptor CXCR4 on 
activated T cells (32, 33). We monitored CCR5 and CXCR4 
expression levels at various time points by FACS. Fig. 2 shows 
FACS plots from a representative experiment (Donor B) at day 
8 post-vector transduction. Quantitative analyses of the FACS 
results from two donors (A and B) are shown in Table 1, and 
more extensive time course studies with four different donors 
(A, B t C, and D) will be presented in Table 3. The mock- 
transduced cells in Fig. 2A showed that «»30% of the cells were 
CCR5+. The cells transduced with the vector control (FG12) 
had «*60% GFP+, and among those positively transduced cells, 
there were still *29% cells expressing CCR5 (Table 1, Donor B). 
lacZ-siRNA-transduced cells had a similar percentage of CCRS 
positivity (Table 1), but there were fewer GFP positive cells, 
presumably because of a lower titer of the viral stock. Over 40% 
of PBLs were productively transduced by the CCR5-siRNA 
(186) vector, and within this GFP+ population only 3.4% of the 
cells scored positive for CCRS expression, suggesting that siRNA 
expression caused an •* 10-fold reduction in CCRS positivity 
compared with a lacZ-siRNA control (Table 1). Of the remain- 
ing CCRS-siRNA (186)- transduced cells that still expressed 
CCRS, the mean fluorescence intensity as a measure of relative 
abundance of CCRS surface expression was substantially re- 
duced. For the GFP- population, levels of CCRS expression 
were slightly higher than in controls (Table 1),. showing that 
down-regulation of CCRS expression only occurred in the 
productively transduced cells. In contrast to CCRS, Fig. 2B and 



Table 1. Selective down-regulation of CCR5 expression by lentiviral vector-mediated delivery of anti-CCRS siRNA in human PBLs 

CCRS expression CXCR4 expression 

% of CCRS+ cells in % of CCR5+ cells in Fold of % of CXCR4+ cells in % of CXCR4+ cells in Fold of 
Donor Treatment* the GFP- population 11 the GFP+ population 1 reduction* the GFP- population 1 the GFP+ population 1 reduction 1 



A 


Mock 


36.83 


N/A 




37.43 


N/A 




FG12 


43.03 


27.96 




37.07 


44.38 




lacZ-siRNA 


S0.20 


25.36 




33.94 


49.24 




CCRS-siRNA 


42.87 


3.63 


6.99 


39.95 


52.22 


B 


Mock 


30.30 


N/A 




48.80 


N/A 




FG12 


41.62 


29.00 




39.68 


47.09 




lacZ-siRNA 


35.48 


32.63 




45.44 


47.64 




CCRS-siRNA 


49.16 


3.38 


9.65 


31.27 


51.30 



N/A not applicable. 

•Lentiviral vector transduction was performed as described in Fig. 2. Eight days after the transduction, the cells were analyzed by FACS for the surface expression 
of CCR5 or CXCR4 (Ma terials and Methods). 

'Calculated from the quadrant percentage numbers from the CCRS or OCCR4 vs. GFP FACS plots shown in Fig. 2. 

'Exprested as the ratio of the percentage of CCR5+ or CXCR4+ cells scored in the GFP+ population between lacZ-siRNA and CCRS-siRNA [CCRS-siRNA(1B6)J- 
transduced samples. 
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Table 2. Inhibition of CCRS-tropic HIV-1 infection by lentiviral vector-mediated delivery of anti-CCR5 siRNA in human PBLs 

Response to CCRS-tropic HIV-1 challenge Response to CXCR4-tropic HIV-1 challenge 



Donor Treatment* 



% of HSA+ cells in 
the GFP- population* 



% of HSA+ cells in Fold of 
the GFP+ population* inhibition* 



% of HSA+ cells in % of HSA+ cells in Fold of 
the GFP- population* the GFP+ population* inhibition* 



Mock 
FG12 

lacZ-siRNA 
CCRS-siRNA 

Mode 
FG12 

lacZ-siRNA 
CCRS-siRNA 



4.07 
4.26 
4.16 
2.02 

5.05 
7.16 
7.98 
2.55 



N/A 
5.64 
5.39 
1.48 

N/A 
7.95 
11.08 
1.73 



3.64 



6.41 



4.82 
7.26 
7.94 
5.90 

6.07 
5.15 
7.76 
6.91 



N/A 
8.70 
8.33 
5.76 

N/A 
5.78 
8.15 
7.41 



1.45 



1.10 



N/A. not applicable. 

•The lentivector-transduced PBLs were challenged with the CCR5- or CXCR4-tropic reporter HIV-1 viruses as described in Fig. 3. Four days after virus challenge 
the cells were analyzed by FACS for HSA expression to determine the number of cells infected by the HIV-1 virus (Materials and Methods) 
Calculated from the quadrant percentage numbers from the HSA vs. GFP FACS plots shown in Fig. 3. 

♦Expressed as the ratio of the percentage of HSA+ cells in the GFP+ population between lacZ-siRNA and CCRS-siRNA |CCR5-siRNA(186)]-tramduced samples. 



the data in Table 1 show that CXCR4 expression was not 
affected by the anti-CCRS siRNA-expressing vector. Thus, 
lentivector-mediated expression of an appropriate siRNA in 
primary human T cells can specifically reduce the expression of 
OCRS. 

To examine the effect of blocking CCR5 expression by the 
anti-CCR5 siRNA lentivector on HIV-l infection, the lympho- 
cyte populations were challenged with a CCR5-tropic HIV-l 
reporter virus. This reporter virus is modified to express the 
HSA marker in place of the HIV-1 accessory gene Vpr, which 
allows the assay for HIV-1 infection at the single-cell level by 
enumerating HSA+ cells (30). Table 2 shows the quantitative 
results of FACS analysis with two different donor samples and 
Fig. 3 shows representative FACS plots from Donor B. With the 
empty vector (FG12) and the IacZ-siRNA vector (lacZ-siRNA), 
8% and 11% of the GFP+ cells were infected by the virus, as 
measured by the expression of the HSA marker (see Table 2 for 
percentages). With the anti-CCR5 siRNA vector [CCRS-siRNA 
(186)] treatment, only 1.7% of the GFP+ cells were detectabry 
positive for HIV-1 infection, Thus, for this donor, expression of 
the specific siRNA led to a >6-foId drop in the level of ceils 
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Fig. 3. Inhibition of CCRS-tropic HIV-1 infection in human PBLs transduced 
by lentiviral vector expressing anti-CCRS siRNA. PBLs were transduced by 
various lentiviral vectors as described In Fig. 2. The transduced PBLs were 
cultured in IL-2-containing medium for 4 days before being challenged with 
either th e CCRS-tropic reporter virus (A) or the OCCR4-tropic reporter virus (fl). 
The cells were harvested 4 days after the virus challenge, and the virus- 
Infected cells were quantitated by FACS analysis for the expression of the HSA 
marker. The FACS results are presented as HSA vs. GFP dotplots with cell 
populations in the live lymphocyte gate. The quadrant lines were defined by 
mock-infection and Isotype-control staining, and the percentage numbers are 
indicated. One representative experiment with Donor B is shown. 



infected by a CCRS-tropic HI V-l virus. A slightly lower level of 
protection (3.64-fold) was also obtained from another donor 
(Table 2, Donor A). More extensive time course experiments 
with additional donors (Table 3) showed that effective CCR5 
down-regulation and inhibition to CCRS-tropic HIV-1 infection 
occurred with all of the donors over a period of 7-8 days, 
although the degree of effectiveness varied from donor to donor 
(within the range of 3- to 7-fold of protection). In addition to the 
GFP+-transduced cells, we found that the frequency of the 
HIV-l-infected HSA+ cells in the GFP- population was also 
decreased 2- to 3-fold in comparison with the mock, empty 
vector (FG12), and lacZ-siRNA controls (Fig. 3/4; Table 2, 
Donors A and B). Consistent with this observation, supernatant 
p24 levels, a measurement of virus production, were reduced 
-3-fold (Fig. 4), despite the fact that cells without siRNA to 
CCR5 outnumber the siRNA-transduced population. Thus, the 
anti-CCRS siRNA was not only effective at protecting the 
transduced cells in a mixed population, but also resulted in an 
overall reduction of virus load and decreased infection of 



Table 3. Time course study on the reduction of CCR5 expression 
and inhibition to CCRS-tropic HIV-1 Infection with the 
CCRS-siRNA lentl vector-transduced PBLs from different donors 





Days after HIV-1 


Reduction 


HIV-1 


Donor 


challenge 


of CCH5 


inhibition 


A 


4 


6.99 


3.64 




7 


6.61 


2.64 


B 


4 


9.65 


6.41 




6 


10.54 


7.04 




8 


4.88 


5.81 


C 


4 


10.09 


1.25 




6 


8.7 


3.48 




8 


9.56 


3.73 


D 


4 


13.26 


2.59" 




6 


13.75 


3.68 




8 


5.68 


4.09 



CD8+-depleted PBLs from four different donors were transduced with 
various lentiviral vectors, as described in Fig. 2. Four days after the transduc- 
tion, the cells were challenged with the CCRS-tropic HIV-1 reporter virus (as in 
Fig. 3). The virus-infected cells were analyzed by FACS for CCR5 and HSA 
expression at the different time points indicated. The reduction of CCR5 
expression and inhibition of CCRS-tropic HIV-1 infection were determined in 
the same manner as in Tables 1 and 2. Equivalent degrees of CCR5 down- 
regulation were obtained with the similarly transduced cells but not being 
challenged with the HIV-1 virus. 
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Fig. 4. Decrease of p24 production In HIV- 1 -infected cultures of anti-CCRS 
lentiviral vector-transduced human PBls. Culture supernatants were collected 
6 days after the HIV- 1 virus challenge, as described in Fig. 3, and p24 levels were 
measured by ELISA In triplicates. Again, the representative result from Donor 
B is shown. 



nontransduced cells over the course of HIV-1 infection. As a 
control, the lymphocyte populations were also infected with a 
CXCR4-tropic HIV-1 reporter virus similarly modified to ex- 
press HSA (31). Infection of the CXCR4-tropic virus was not 
significantly inhibited by the transduction of an anti-CCR5 
siRNA vector (Fig. 3S, Table 2), confirming the specificity of the 
siRNA-mediated inhibition. Taken together, we conclude that a 
lenttvirus vector expressing a potent siRNA against CCR5 can 
substantially reduce CCR5 expression on the cell surface in a 
specific manner and render the transduced cells relatively resis- 
tant to CCRS-tropic HIV-1 infection. 

Discussion 

These results demonstrate that an siRNA directed to a cellular 
gene that is required for HIV-1 infection, namely CCR5, can 
inhibit HIV-1 replication. With HIV-1 replication as a model 
. system, our studies also demonstrate the power and general 
utility of using lentiviral vectors for the stable expression of 
siRNAs in primary human cells to inhibit the expression of 
cellular genes. 

The human chemokine receptor gene, CCR5, was chosen as a 
target for these studies for several reasons. First, CCR5 is a 
necessary coreceptor for infection by most strains of HIV-1 (34, 
35). After binding of the HIV-1 envelope protein gpl20 to CD4, 
interaction with gpl20 and CCR5 induces a conformational 
change that then leads to HIV-1 envelope gp41 fusion with the 
cell membrane (36). This is an obligatory step for the infection 
process of CCRS-tropic strains of HIV-1; the absence of CCR5 
prevents HIV-1 infection to cells. Not all strains of HIV-1 
require CCR5. CXCR4, for example, is another major corecep- 
tor (37). However the majority of naturally occurring strains of 
HIV-1 use CCR5 as a coreceptor for primary infection (38-41). 
Second, CCR5 is apparently dispensable for normal human 
growth, differentiation, and immune functions (42). Among the 
white population, the occurrence of a CCR5-null allele, known 
as CCR5A32, is ~1% (21-24). The CCR5A32 allele is a deletion 
resulting in a frameshift truncation of CCR5 that prevents the 
mutant protein from appearing on the cell surface (21, 33). 
Individuals homozygous for the CCR5A32 do not show any 
apparent adverse phenotypic effects, although a recent report 
linked CCR5A32 homozygosity with higher viral loads in hep- 
atitis C infection (43). In heterozygous CCR5A32 individuals, 
cell surface CCR5 is reduced to 20-30% of wild-type levels (33, 
44, 45). Again, no adverse effects are observed in these individ- 
uals (42). It will be important to confirm that acquired loss of. 
CCR5 expression through siRNA inhibition also has no adverse 
phenotypic effects. 

Cohort studies indicate that individuals that are homozygous 
for the CCR5 mutation are almost completely resistant to 



infection by CCR5-tropic strains of HIV-1 (38-41, 46 t 47). To 
date, there have been only eight reports of HIV-1 infection in 
CCR5A32 homozygous individuals (48-51). These individuals 
appeared to have been infected with a CXCR4-tropic strain of 
HIV-1 and did develop AIDS. Individuals that are heterozygous 
for CCR5A32 are infected at rates similar to CCR5+/CCR5+ 
individuals. However, their disease course is prolonged, presum- 
ably because of reduced spread of virus within the individuals 
over time (23). Thus, the 3- to 7-fold inhibition produced by our 
anti-CCRS siRNA vector could already have a marked clinical 
effect and, with an optimized system, a greater inhibition might 
even be obtained. However, it is possible that in a patient 
producing HIV-1, anti-CCR5 siRNA could select for viral 
variants that use CXCR4 and then cause progression to AIDS. 
Therefore, a CCR5 inhibitory therapy would be best used in 
combination with other antiviral approaches. 

Because of the importance of CCR5 to HIV-1 infection and 
disease development, a number of approaches have been inves- 
tigated to inhibit the utilization of CCR5 as a coreceptor by 
HIV-1. The chemokines, RANTES, MlP-la, and MIP1-/3, are 
physiological ligands for CCR5 and have been shown to inhibit 
HIV-1 infection both in vitro and in vivo (52). However, these 
chemokines and their pharmacological derivatives have not been 
used clinically because they have a short half-life, are not orally 
bioavailable, and may have other effects (53, 54). Other inves- 
tigators have inhibited CCR5 in vitro by using "intrakines," 
fusions of RANTES and MIPl-a to endoplasmic reticulum 
retention signals (55, 56), and single-chain antibodies directed to 
CCR5 (30). 

We have shown here that it is possible to obtain at least partial 
inhibition of a viral infection by lentiviral vector-mediated 
expression of an siRNA targeting a cellular gene. Within the 
transduced population of T cells (GFP+ fraction), we observed 
an up to 10-fold inhibition of CCR5 expression. As a conse- 
quence, HIV-1 infection within the transduced population was 
also substantially reduced, relative to mock- transduced cells, 
cells transduced with an irrelevant siRNA (lacZ-siRNA), or 
nontransduced cells in the same culture (GFP- fraction). How- 
ever, there remained transduced cells that were infected by 
HIV-1 (HSA+). Residual infection of transduced cells may 
occur because of incomplete inhibition, variability of inhibition 
over time, or infection through a CCR5-independent mechanism 
(57). It is important to remember that in this culture system, the 
cells are bathed continuously in virus produced by the unpro- 
tected cells. 

Although a 3-fold reduction of the total virus load in our in 
vitro model is rather modest, an effective clinical application of 
this technology would be through a hematopoietic stem cell 
transplant. In this manner, therapeutic siRNA-expressihg stem 
cells would give rise to mature progeny T cells, macrophages, 
and/or dendritic cells that would be relatively protected from 
infection by HIV-1. Furthermore, the rapid demise of HIV-1- 
infected T cells (58) should lead to rapid selection for the 
CCR5 -negative cells that are relatively protected from the 
effects of HIV-1. We did not observe selection in cell culture, 
possibly because the HIV-1 viruses that we used are lacking the 
Vpr gene as a result of substitution by the HSA reporter gene. 
Vpr induces cell-cycle arrest, followed by apoptosis, which would 
lead to rapid selection against HI V-l -infected cells (59). Selec- 
tion of transduced cells expressing a therapeutic transgene has 
played an important role in the successful human clinical trials 
of gene therapy, the treatment of X-linked SCID-X1 and ADA- 
SCID genetic disorders (60, 61). 

In summary, our studies provide proof of principle for the idea 
that siRNA directed to a gene essential for viral replication can 
serve as a potential therapeutic agent for human infectious 
disease. The utilization of siRNA as a therapeutic reagent in the 
clinical setting is advantageous to previously reported ap- 
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proaches in (hat siRNA is a smail nucleic acid reagent as opposed 
to relatively large chimeric or antibody proteins. A small nucleic 
acid reagent should be less likely to elicit an immune response. 
Furthermore, the relative simplicity of the siRNA approach 
lends itself to easy combination with other siRNAs directed to 
different regions of CCR5 and/or other cellular or HIV-1- 
specific genes, which can result in additive or synergistic effects, 
and will help to prevent the escape of mutant variants. It seems 
possible that further modifications in vector design and choice of 



siRNAs simultaneously targeting multiple essential components 
for viral replication could provide an effective treatment against 
HIV-1. 
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